which infect mammals, and Avastrovirus, which include viruses detected from avian species. As viruses genetically highly diverse can circulate in a given host species, 22 a novel classification system based on comparison of the full length ORF2, the capsid precursor, has been proposed (http://talk.ictvonline.org/files/proposals/taxonomy_ proposals_vertebrate1/m/vert01/2287.aspx). In this classification, 2 genogroups (GI and II) have been defined in Mamastrovirus genus. AstV strains within the same species display a p-distance lower than 0.312 and species are assigned consecutive letters. In this system, human AstVs type 1 to type 8 are GI.A, feline AstV is GI.B, and canine AstVs are GI.E.
Novel AstVs have been recently detected in humans, although only in a sporadic fashion. These novel human AstVs are distantly related to "classic" human AstV types 1 to 8, and more similar genetically to some animal AstVs. [23] [24] [25] Antibodies to one such novel AstV, strain MAstV/GII.B/Hu/THA/2001/NE-3010, have been detected in 20% to 36% of the sera of children. 26 These findings suggest recent interspecies transmission events of AstVs from animals to humans and, more importantly, widespread exposure of humans to these viruses.
ASTROVIRUSES IN DOGS
AstV-like particles have been detected only occasionally in dogs on EM. In some cases, due to their morphologic similarities (about 25 to 35 nm, rounded, absence of envelope) with caliciviruses and picornaviruses, they have generically been referred to as SRVs. AstV-like particles were first detected on EM in beagle pups with diarrheal disease in the United States in 1980, in mixed infection with canine parvovirus type-2 (CPV2) and canine coronaviruses (CCoV). 5 AstV-like particles were also detected on EM in 3 of 157 normal fecal samples (but not in 29 diarrheal samples) in a survey in Australia in 1984. 27 In a large EM-based survey in Germany, SRVs were identified in 41 of 4044 (about 1%) feces of dogs with diarrhea. 28 More recently, AstVs have been identified in dogs with enteric signs and characterized molecularly, suggesting that the detected viruses may represent a distinct AstV species. 6 -8 While early evidence suggested that AstV infection in dogs is rare or occasional, recent investigations based on sensitive and specific assays indicate that AstVs are indeed widespread in the canine population. By screening on RT-PCR with canine AstV-specific primers 625F-1 and 626R-1 (Table 1) in a collection of fecal samples obtained from 1-to 6-month-old pups with gastroenteric signs in Italy in 2007, AstV RNA was detected in 27 of 110 samples (24.5%), either alone (10 of 110, 9.0%) or in mixed infections with canine parvovirus type 2 (5 of 110, 4.5%) and canine coronavirus (8 of 110, 7.3%) or both (4 of 110, 3.6%). Also, AstV RNA was detected in 7 of 75 swabs (9.3%) obtained from asymptomatic young dogs. 7 In a survey in Shangai, China, in 2008, using canine AstV-specific primers L5 and R5 ( Table 1) , AstVs have been detected on RT-PCR in 22 of 183 (12.02%) dogs with enteric signs but in 0 of 138 asymptomatic dogs (0%). The 3= end portion of the genome of a Chinese virus was sequenced and found to be distantly related (76.9% to 78.3% nucleotide [nt] identity in the full-length ORF2) to other canine AstVs, providing evidence for genetic heterogeneity in canine AstVs. 8 Antibodies specific for canine AstV (virus Bari/08/ITA) have been detected by an indirect immunofluorescence assay in 32 of 54 (59.0%) serum samples. The majority (14 of 22, 63.6%) of the serum samples testing negative were from pups aged less than 3 months, while only 3 of 32 (9.4%) of the positive sera were from dogs aged less than 3 months. 7 This age-related pattern would be consistent with the fact that by 2 to 3 months of age, pups is susceptible to infectious agents as maternally derived immunity tends to wane. 29 Table 1 List of primers used for diagnostic of canine AstVs
Primer
Sequence (5= to 3=) Sense Target Reference Assay
Unpublished data by Martella and colleagues, 2011.
CULTIVATION IN VITRO
A canine AstV, strain Bari/08/ITA, has been isolated in a canine kidney cell line (Madin-Darby canine kidney [MDCK]). Likewise other mammalian AstVs, cultivation required supplementation with trypsin. 7 Virus replication in MDCK cells triggered a clear cytopathic effect consisting in enlargement and/or detaching of cells and appearance of fine granules in the cytoplasm. Viral antigens were observed in immunefluorescence in the cells as fine granules dispersed in the cytoplasm, aggregating in perinuclear position (Fig. 1) . No significant mutation was mapped in the ORF2 and 3= noncoding region (3= -UTR) between the field virus and the tissue-adapted (third serial passage) isolate Bari/08/ITA.
GENOME ORGANIZATION OF CANINE ASTROVIRUSES
The full-length genome sequence of canine AstVs has not been determined yet, while the sequence of the 3= end of the genome (the 3= end of ORF1b, the full-length ORF2, and the 3=-UTR) is available for the isolate ITA/2008/Bari and for strain ITA/2010/Zoid. In addition, the full-length ORF2 sequences of an additional 6 canine strains from Italy and China are available in the databases. In these strains, ORF2 ranges from 765 to 774 amino acids in length, while the 3=-UTR ranges from 77 to 87 nt. There is an 8-nt overlap between the termination codon of ORF1b and the initiation codon of ORF2. The highly conserved nucleotide stretch upstream of ORF2, 5=-ATTTGGAGNGGNG-GACCNAAN 5-8 ATGNC-3=, believed to be part of a promoter region for synthesis of subgenomic RNA, 30 is nearly completely conserved in the sequence of strains ITA/2008/Bari and ITA/2010/Zoid. Overall, these features mirror those observed in other mammalian AstVs. 1 By comparison of the capsid protein, the canine AstV strains exhibit more than 70.% amino acid identity to each other and less than 33% amino acid identity to noncanine AstVs, thus constituting a genetically well-defined group (Fig. 2) . The range of variation among canine AstVs is similar to those defined for human GI.A AstV types 1 to 8. 31 By analyzing the capsid protein of human AstVs, a high degree of conservation can be observed in the N-terminal portion (amino acids 1 to 415) of the capsid protein, while downstream the conserved 415 residues, considerable variability is seen among strains of different serotypes. 1 Likewise, among the canine AstV strains, a high degree of variation occurs between aa 422 and 668 (Ͻ50% aa identity), whilst the capsid sequence is more conserved at the NH 3 -and COOH-ends. The hypervariable region is believed to form the spikes of the virion and to interact with the cell receptors 32 as neutralizing monoclonal antibodies have been mapped to this variable domain. 33, 34 These findings may be predictive of marked antigenic differences among the various canine strains.
PATHOGENESIS
Using specific primers in RT-PCR, canine AstVs RNA has been detected exclusively in the stool and in the intestinal content of pups and no evidence for extraintestinal localization has been obtained thus far screening the tissues of animals dead from severe gastroenteritis.
AstV shedding was detectable in RT-PCR for at least 10 days in a 3-month-old pup hospitalized with watery diarrhea and severe dehydration. Clinical signs in the pup lasted 4 days, with viral shedding continuing for 8 days after the pup recovered from the disease. The pup tested negative to all other canine pathogens, suggesting that AstV was actually the causative agent of the disease. 7 By quantification of viral load in real time RT-PCR (qRT-PCR), a positive correlation between the clinical signs and the virus titers was observed with the highest viral loads occurring during the acute symptomatic phase. Also, specific IgGs were not detected in the serum sample collected at the time of hospitalization, but they were detectable 2 weeks after hospitalization, indicating seroconversion. 7 Interesting pieces of information have been gathered by monitoring an outbreak of gastroenteric disease associated with canine AstV, affecting 2 household dogs (aged 2 years and 2 months, respectively). The AstV strain, ITA/2010/Zoid, displayed limited amino acid identity (70.3% to 73.9%) to other canine AstV strains in the full-length capsid protein. Antibodies specific for the prototype canine astrovirus isolate ITA/2008/Bari were not detected in the convalescent sera of the animals, suggesting limited antigenic relatedness. In the 2 animals, virus shedding (up to 10 7 to 10 8 copies of genome equivalents/gr of feces) was correlated with clinical signs, with the disease being severer and virus shedding being more prolonged (more than 1 month) in the young pup (Martella and colleagues, unpublished information, 2011) . Prolonged virus shedding after acute infection and resistance in the environments 35, 36 could be factors facilitating virus diffusion in susceptible population. Fig. 3 . Phylogenetic tree based on the full-length amino acid sequence of the capsid protein of AstVs of avian and mammalian origin. The tree was elaborated with the neighbor-joining method without any distance correction.
DIAGNOSTICS
EM observation has long been the only assay able to reveal the presence of SRVs in the stools of dogs (Fig. 3) . The low prevalence rates on EM, compared to the high rates revealed in molecular assays, suggest AstV titers in the feces are above the EM detection limits for a restricted time period. 7 Also, EM is not always able to characterize firmly SRVs, as the peculiar morphology of AstVs is often lost during sample conservation and/or processing. 9 Several primer sets have been developed to recognize effectively canine AstVs in RT-PCR ( Table 1 ). The primers have been designed in highly conserved regions of the ORF1b (RdRp) and ORF2 (capsid protein). Also, a quantitative RT-PCR (qRT-PCR) has been set up ( Table 1 ). The qRT-PCR assay was able to detect AstV strains that markedly differed in the capsid gene and proved to be highly sensitive (Martella and colleagues, unpublished data, 2011). Using the strain Bari/08/ITA has antigen, an indirect immunofluorescence assay has been developed to identify canine AstV-specific IgGs. 7
SUMMARY
Based on the present, yet limited, literature, canine AstVs appear to be widespread in different geographical areas. AstV prevalence seems to be significantly higher in pups with gastroenteric disease than in asymptomatic animals. In some cases AstVs can be detected alone (not in coinfection with other enteric pathogens) from animals with enteric disease and virus shedding can be correlated with the onset of gastroenteric signs. Interestingly, canine AstVs appear to be genetically heterogeneous. Animal experiments will be pivotal to investigate the pathogenic role of canine AstVs and understand whether prophylaxis tools are required. Also, the canine homologous model could offer valuable information for the study of human AstVs.
